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Variation of mesospheric ozone during the highly relativistic
electron event in May 1992 as measured by the High Resolution

Doppler Imager instrument on UARS

W. Dean Pesnell,! Richard A. Go]dberg,2 Charles H. Jackman,? D. L. Chenette,*

and E. E. Gaines*

Abstract. Highly relativistic electron precipitation events (HREs) include
long-lived enhancements of the flux of electrons with E > | MeV into the Earth’s
atmosphere. HRESs also contain increased fluxes of electrons with energies above
100 keV that have been predicted to cause large depletions of mesospheric ozone.
For some of the measured instantaneous values of the electron fluxes during the
HRE of May 1992, relative depletions greater than 22% were predicted to occur
between altitudes of 55 and 80 km, where HO, reactions cause local minima in
both the ozone number density and mixing ratio altitude profiles. These ozone
depletions should follow the horizontal distribution of the electron precipitation,
having a distinct boundary equatorward of the L = 3 magnetic shell. To search for
these effects, we have analyzed ozone data from the High Resolution Doppler
Imager (HRDI) instrument on UARS. Owing to the multiple, off-track viewing
angles of HRDI, observations in the region affected by the electrons are taken at
similar local solar times before, during, and after the electron flux increase. Our
analysis limits the relative ozone depletion to values < 10% during the very
intense May 1992 HRE. We do observe decreases in the ozone mixing ratio at
several points in the diurnal cycle that may be associated with the transport of
water vapor into the mesosphere during May 1992. This masking of the
precipitating electron effects by the seasonal variations in water vapor can

complicate the detection of those effects.

1. Introduction

Ozone is one of the most studied molecules in the Earth’s
atmosphere. Much of this research has involved the strato-
sphere, where man-made compounds destroy ozone in the
southern polar regions during the austral spring (for a sum-
mary, see Bojkov [1995]). As a result of the long-term ozone
database developed by this research, solar proton events are
now known to modulate stratospheric ozone [e.g., Thomas
et al., 1983; McPeters and Jackman, 1985]. Energetic elec-
trons are also modulated by solar activity, but even the most
energetic can penetrate only to the mesosphere and upper
stratosphere before depositing their energy [Thorne, 1977,
Baker et al., 1993]. As a result, relativistic electron precip-
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itation events (REPs) were considered a possible source for
ionization-induced chemical changes in the stratosphere and
mesosphere |Thorne, 1977]. We describe here an attempt
to detect these eftects during what we consider an optimum
energetic electron event, the highly relativistic electron event
of May 1992.

Satellite measurements show large enhancements of the
electron flux at relativistic energies (E > 1 MeV) throughout
the inner magnetosphere during geomagnetic storms. Ini-
tially, the injected electrons fill the entire pitch angle range,
but those within the bounce loss cone rapidly precipitate into
the atmosphere so that the evolution of the system becomes
dominated by the slower process of pitch angle diffusion.
Stably trapped electrons are scattered into the loss cone by
magnetospheric waves via an energy-dependent process that
takes from several days to months to remove the electrons.
The most significant and longest lasting precipitating fluxes
measured by the particle environment monitor (PEM) high-
energy particle spectrometer (HEPS) instrument on the Up-
per Atmosphere Research Satellite (UARS) are observed to
be in the range of magnetic L shell parameter 3 < L < 4. (For
a magnetic coordinate we are using the Mcllwain L shell,
where L = 1/cos?(A) and A is the invariant latitude.) These
enhanced electron fluxes at relativistic energies are termed
highly relativistic electron events (HREs).
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Based on satellite data observed at geosynchronous or-
bit, HREs are most pronounced during the declining phase
of the solar cycle, increasing in intensity, spectral hardness,
and frequency of occurrence as the solar cycle reaches min-
imum [Baker et al., 1979, 1986, 1987, 1993; Rostoker et
al., 1998]. From comparisons with lower-altitude satellites
[Imhof et al., 1991], and from our rocket study of a mod-
est HRE [Herrero et al., 1991; Baker et al., 1993], it is ap-
parent that a significant fraction of the outer zone electrons
associated with an HRE will eventually reach the middle at-
mosphere, where they can strongly influence the electrody-
namics and composition (e.g., O3 and OH) of that region
[Goldberg et al., 1995a,b]. As the drift period of electrons
with £ > 0.1 MeV is less than 1 hour [Walt, 1994], these
electrons average over the diurnal variation of the terrestrial
magnetic field and have a roughly symmetric distribution in
magnetic longitude at a constant value of L [Vampola and
Gorney, 1983]. Since HREs can sustain their activity for
several weeks, recur over several solar rotations, and cover a
more extensive region in longitude and latitude than does the
avroral zone, their impact on the middle atmosphere could
be large. If the cumulative effect of HREs on the high-
latitude mesosphere is a significant source of chemical re-
arrangement, they should be included in any consideration
of the long-term evolution of the mesosphere.

A decrease in ozone near and above the stratopause was
observed by the Aurorozone 1 rocket and attributed to the
chemical effects of the combined X-ray and REP-induced
ionization [Goldberg, 1979]. Eftects of the precipitation
of energetic magnetospheric electrons on the mesosphere
were also studied with radio propagation [Lauter and Knuth,
1967; Potemra and Zmuda, 1970; Spjeldvik and Thorne,

PESNELL ET AL.: THE MAY 1992 HRE AND MESOSPHERIC OZONE

1975], recognizing that the enhanced ionization produced by
the incoming electrons scatters and attenuates radio waves.
Many of these radio propagation studies extrapolated elec-
tron flux energy spectra to relativistic energies with a power
law and noted that the large ionization that would result in
the mesosphere fit their observations. We will show that the
electron fluxes with £ > 1 MeV do not follow the time de-
pendence of the lower-energy fluxes and must be derived
from in situ measurements of the flux at and above 1 MeV.

Referring to Figure 1, where the penetration altitude of
vertically incident electrons is shown as a function of en-
ergy, we see that electrons with £ > 100 keV will produce
jons that can then create HO, radicals between altitudes of
about 60 and 80 km that could affect the ozone balance in
that region. When measured instantaneous electron fluxes
are used in both steady state and time-dependent photochem-
ical models, ozone depletions up to 22% are predicted at
mesospheric altitudes (see section 3 below and Baker et al.
[1986], Goldberg et al. [ 1994, 1995a,b], and Aikin and Smith
[1999]). The predicted relative depletion in ozone peaks be-
tween altitudes of 65 and 75 km, where HO, reactions cause
a local minimum in the altitude profile of the ozone num-
ber density [Pesnell et al., 1999; Fleming et al., 1995]. We
have searched for those predicted ozone depletions in ozone
data from the High Resolution Doppler Imager (HRDI) on
UARS, whose altitude coverage spans the region of the min-
imum.

Individual measurements of ozone could sample a region
depleted of ozone by a recent or ongoing burst of electrons.
Although the ozone data hve considerable noise, a deple-
tion of 20% should be observable in the HRDI ozone data.
We have also considered the effect of the more conservative
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Figure 1. Penetration altitude of vertically incident electrons in the terrestrial atmosphere, as determined
from the range of electrons in an atmospheric model. A dotted vertical line is drawn at an electron
energy of | MeV to show how deep an HRE can reach. The region where HO, reactions dominate the
determination of the ozone concentration is marked by dashed lines. Below 60 km altitude other catalytic
reagents, such as NO, and halogenous molecules, become as important as HO, in determining the ozone
concentration. Above 90 km altitude the ozone concentration is determined by the Chapman cycle.
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daily-averaged electron fluxes, which should be a reliable in-
dicator of the daily ion generation in the mesosphere by the
HRE. Ozone depletions of < 8% are predicted when these
fluxes are used in the ion production calculations. When
HRDI data from May 1992 are displayed against local so-
lar time (LST), the depletions should be seen by comparing
ozone measurements made at similar values of LST but ob-
served either before and during the HRE or during and after
the HRE. Average values over 30 min LST bins were used
to try to extract the anticipated depletion signal. Results of
this analysis are reported here.

We shall discuss first the variation of the energy input
into the mesosphere due to energetic electrons as measured
by PEM HEPS. Next, we shall discuss our expectations of
how that input would change the ozone in the mesosphere,
the HRDI measurements that test these expectations, and
how changes in water vapor content could influence the ozone
measurements.

2. UARS Particle Measurements From PEM

The PEM HEPS instruments on UARS provide pitch-
angle- and energy-resolved measurements of the low-altitude
electron flux between 30 keV and 5 MeV [Winningham et
al., 1993]. For the present analysis the pitch angle resolu-
tion in the measurements is used to distinguish those elec-
tron fluxes which are stably trapped (i.e., they have estimated
mirror altitudes above 100 km) from those in the bounce loss
cone (BLC). The latter will directly precipitate into the at-
mosphere.

Estimates of the precipitating electron flux were derived
from the HEPS measurements by counting BL.C flux mea-
surements only when the full angular range of a sensor is
within the BLC. If the loss cone is filled by small-angle
scattering, this procedure tends to underestimate the total
precipitating flux because it is biased against measurements
at the edge of the BLC, where that flux would be more in-
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tense [Imhof and Gaines, 1993]. Therefore the estimated
decreases in ozone due to these electrons are lower limits;
larger decreases would not necessarily have been inconsis-
tent with these predictions,

The direct measurement of the precipitating electron flux
at low altitude provided by HEPS is more reliable than es-
timates based on measurements from, for example, geosyn-
chronous satellites, or by scaling total electron flux measure-
ments. As shown by Gaines et al. [1995], temporal varia-
tions in the electron flux intensity and their energy distribu-
tions can vary significantly between the trapped and precip-
itating components. In particular, the trapped flux is seen to
last longer than the precipitating flux. We will show some of
the differences for the period October 1991 through Novem-
ber 1993. In this paper, daily averages of the electron fluxes
within L shells are used to illustrate the electron input. Al-
though such a procedure tends to average out small-scale
variations in space or time, the short drift periods of the
energetic electrons considered here tend to spread the elec-
tron flux along the L shells. This reduces the effects of the
diurnal variations in the magnetic field on the flux ampli-
tude [Vampola and Gorney, 1983]. Hemispheric variations,
where fluxes in the Southern Hemisphere are typically larger
than in the Northern Hemisphere, are also averaged out in
this analysis. We believe that this is most appropriate for our
study, recognizing that locally and on small scales, larger
chemical effects might be observed.

As we now show, the highly relativistic electron fluxes of
May 1992 were the most intense, most energetic, and longest
lived of the HREs seen by UARS in the first two years of the
UARS mission. Within the belt of magnetic L shell 3 < L <
4 (or invariant latitudes between 55° and 60°), the locally
precipitating flux of electrons with E > 100 keV and E >
| MeV reached a large value on May 11 and continued at
this value until May 21 (see the stippled feature of Figure 2a
and the discussion in Gaines et al. [1995]). It then decreased
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Figure 2. (a) Fluxes of precipitating electrons (in units of electrons cm~2 s~! sr~!, and we show the
common log of the flux) with £ > 1 MeV and E > 100 keV during the prime mission period of UARS
(October 1, 1991 through December 9, 1993). A 3 day running average was used to reduce to day-to-day
fluctuations of the data. The May 1992 HRE is stippled. (b) The trapped electron flux for a similar period

of time.
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by a factor of about 8 in magnitude and continued through
May 27. Compared to background effects for magnetically
undisturbed times and locations, the ion production rate in
the lower mesosphere due to electrons increased by at least a
factor of 100 during this HRE. For comparison, the trapped
fluxes for the same energy bands are shown in Figure 2b.
A good example of how the trapped flux time dependence
differs from the precipitating flux can be seen by comparing
the £ > | MeV fluxes between UARS days 370 and 470. The
trapped flux continues decaying throughout this time, while
the precipitating flux has dropped to a low value by UARS
day 420. During the same time period the trapped flux with
E > 100 keV has a small decay while the precipitating flux
with £ > 100 keV drops an order of magnitude.

3. Predicted Loss of Ozone Due to Electron
Precipitation

From the measured precipitating electron energy spectra,
we have derived the energy deposition height profiles using
techniques of Goldberg et al. [1984]. For May 18, 1992,
Figure 3 shows the ion pair production rate (Q) profiles for
two bands of L = L+ 1/8 and for one large burst. We found
that the zone of maximum energy deposition was centered
about L = 3.75. From these profiles it is apparent that even
for the day-averaged electron fluxes, large quantities of ions
are produced down to 50 km, far deeper than produced dur-
ing other kinds of electron precipitation events. As another
example, evidence of an ionospheric C region near an alti-
tude of 50 km was found during an HRE in 1990 [Goldberg
etal., 1994].

Once Q was calculated from the HEPS electron flux ob-
servations, we used two models to calculate the predicted
relative change in mesospheric ozone. First, the Goddard
Space Flight Center 2D chemistry and transport model (see,
for example, Jackman et al. [1996]) was used to study the av-
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erage influence of HREs on mesospheric ozone. This model
was used to study charged particle effects on stratospheric
ozone from solar proton events [Jackman, 1991; Jackman
et al., 1990, 1996] and ozone in the upper stratosphere and
lower mesosphere during several HREs [Pesnell et al., 1999;
Goldberg et al., 1995a)]. The model computes daytime aver-
aged values rather than following the diurnal cycles of con-
stituents. The results of the model are thus most appropriate
for long-term particle precipitation events, such as the May
1992 HRE, that last from days to weeks. Another model,
which computes the ion-neutral chemistry through the diur-
nal cycle, was used to understand the LST-dependent effects
of the electron-produced ions on the HO, chemistry [Aikin
and Smith, 1999]. During an HRE, their model shows that
high-latitude mesospheric ozone will be reduced for values
of LST between sunrise and local noon, but in the afternoon
the sensitivity to the enhanced HO, concentration is greatly
reduced and the ozone concentration is close to its non-HRE
value. Thus we should look in the morning hours for a re-
duction in ozone due to the HRE.

Concentrations of the HO, constituents vary over the
course of the day, driven by their production and loss mech-
anisms. The background source of HO, strongly depends
on the ambient H>O concentration and the solar zenith angle
(or LST) through the photolysis of H,O and the reaction of
O('D) with H,0. The H,O in the GSFC-2D model is com-
puted self-consistently and is in reasonable agreement with
Halogen Occultation Experiment (HALOE) measurements
in the mesosphere [Chandra et al., 1997]. The H,0O con-
centration in the LST-dependent model was set to the value
obtained in the GSFC-2D model as a baseline. Cases were
also run with this model using twice and one half the H,O
concentration.

To understand the presentation and analysis of the ozone
data, it is necessary to review the diurnal cycle of meso-
spheric ozone. A simplified chemistry for mesospheric ozone
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Figure 3. Ion production rates for the day-averaged electron fluxes of May 18, 1992, for two ranges of L
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follows only the oxygen compounds as they cycle between
O, Oy, and Oj [Brasseur and Solomon, 1986, section 5.2].
In this model, as is also observed in the mesosphere, ozone
is the reservoir of odd-oxygen at night. At sunrise, O3 is
destroyed by solar UV radiation, releasing the O that is the
daytime reservoir of odd-oxygen. Over the course of the
sunlit hours, O and O3 are produced and destroyed by vari-
ous reactions, until sunset when the three-body reaction
0+0, +tM—-03+M n
again rapidly removes O from the mesosphere. This Chap-
man cycle model agrees qualitatively with the mesospheric
data, but additional reactions are necessary for quantitative
agreement.
In the presence of water vapor, a competing set of reac-
tions:

H,O+hv — H+OH, )
H0+0('D) — 20H, 3)
H+03 — OH+O0,, )
OH+0 — H+0y, )
Net: O:+0 — 03409, (6)

act to destroy odd-oxygen in the mesosphere and alter the di-
urnal cycle of ozone in several LSTs [e.g., Aikin and Smith,
1999; Allen et al., 1984]. During the night the ozone con-
centration is reduced compared to the pure oxygen model
due to the removal of odd-oxygen by the HO, reactions in
equations (4)—(5). Immediately after the sunrise water vapor
is dissociated by solar Lyman o photons (equation [2]) and
by excited state O('D) created by the photolysis of O, and
O3 (equation [3]). At the same time, O produced by pho-
todissociation of O2 combines with other O, to form ozone.
At or before local noon, the destruction of O3 via the HO,
reactions in equations (4)—(5) matches the production, and
a local maximum concentration of ozone is reached. As the
solar zenith angle then increases and the solar irradiation de-
creases, the HO, abundance starts to decrease, but the chem-
ical lifetime of HO, exceeds that of O and its influence on
the odd-oxygen content continues throughout the day. After
sunset the Oz concentration recovers to the nighttime value.
Owing to the HO, reactions, a maximum in the ozone mix-
ing ratio should be present in the morning hours, typically
before noon with the normal water vapor content. In the ab-
sence of energetic electrons, the location of the maximum
ozone concentration is a function of the water vapor concen-
tration, with the maximum in the ozone concentration at a
given altitude moving to earlier LST as the water vapor con-
centration increases [Aikin and Smith, 1999].

Ions produced during an HRE can, through complicated
ion chemistry, enhance HO, compounds and influence the
ozone concentration during the particle event [Solomon et
al., 1981, 1983]. Approximately two HO, species are pro-
duced from each ion pair up to about 70 km. However,
above 70 km, the production of HO, species from each ion
pair has a strong dependence on the ionization rate and the
duration of the particle precipitation event [Solomon et al.,
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1981]. Our model calculations use the production of HO,
constituents per ion pair as a function of altitude from Fig-
ure 2 of Solomon et al. [1981] for moderate ionization rates.
This accounts for the rapid dropoff in ion-related HO, pro-
duction with altitude above 70 km and is within 5% of their
rates for the ion production rates in Figure 3.

We input an assumed continuous sources of HRE-related
HO; production for the ion production rate curves in Fig-
ure 3 into both models at 65°N to predict the ozone change.
Our simulated ozone percentage change due to the HREs
is computed by comparing a model run that includes the
electron-induced HO, compounds with another model run
without the HRE flux. Results from the GSFC-2D model
are presented in Figure 4. The peak computed ozone de-
crease due to a burst of HRE precipitation is about 22% at
0.4 mbar (~70 km), calculated assuming the burst HRE flux
continued for several hours. However, as the probability
of detecting the response to a burst is quite small, we also
include the ozone changes due to the day-averaged fluxes,
which should be more easily measured. In particular, we
can average ozone measurements to increase the signal-to-
noise ratio of the data. The peak computed ozone decrease
is now 8% or so, a smaller depletion but one that should be
seen if data with sufficient signal-to-noise ratio exist.

4. UARS HRDI Ozone Measurements

The UARS measurements can be used to help quantify
the ozone change and determine if the May 1992 HREs could
be responsible for a significant ozone variation. HRDI uses a
Fabry-Perot interferometer to measure the radiance of an O,
tine which is then used to determine the ozone mixing ratio
[Hays et al., 1993; Burrage et al., 1996]. Altitude profiles
of HRDI measurements were supplied as 3AT files by the
HRDI Science Team at the University of Michigan. Each
file contains a day’s worth of data sampled at intervals of
65.536 5. Profiles of measured quantities are given on fixed
altitude grids, corresponding to a 3 km spacing in the meso-
sphere. Although quality flags are included in the files, they
do not contain error estimates but simply indicate whether
or not a data point is included at that altitude. Data from
May 1992 with geographic locations within the magnetic L
shell band 3 < L < 4 were extracted from the HRDI files and
analyzed using algorithms described by Pesnell et al. [1999].

UARS has a precessing orbit, requiring roughly 34 days
to scan the instruments 12 hours in LST. At the beginning of
a yaw cycle, HRDI begins measuring atmospheric parame-
ters at four values of LST, two in the A.M. branch near noon
and two in the P.M. branch near midnight. Because HRDI
measures scattered sunlight, no data is returned from any
branch when the Sun is absent. As the yaw cycle progresses,
both branches move to earlier values of LST, reaching near
midnight and noon, respectively, just before the turning of
the satellite that starts the next yaw cycle. Coverage of the
day-lit portion of the diurnal cycle is available for a given lat-
itude band by combining observations of the A.M. and P.M.
branches observed over a yaw cycle. The cold side of UARS
was pointed north during May 1992, so all of the ozone mea-
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Figure 4. Ozone depletions for May 18, 1992, derived from the ion production rates in Figure 4. Note
that all three profiles peak between 60 and 65 km altitude, with substantial depletions occurring at 69 km,
the lowest altitude for which HRDI data with complete coverage are available.

surements are in the northern polar region throughout the
HRE.

One advantage of the multiple viewing angles of HRDI
is the overlapping coverage of the diurnal cycle by mea-
surements made at two different angles to the UARS view-
ing angle, particularly near noon. This should be compared
with the data from cryogenic limb array etalon spectrometer
(CLAES) and microwave limb sounder (MLS) on UARS,
which sweep out the LST values in a more monotonic fash-
ion through a yaw cycle [Pesnell et al., 1999]. As we show
below, there are four bands of LST values where ozone is
measured in two of the three conditions: before, during, or
after the May 1992 HRE. To understand these data, we show
the LST variation at several altitudes and then the altitude
variation within the overlapping bands.

5. Local Solar Time Analysis

As the electron fluxes that define an HRE are approxi-
mately zonally symmetric in magnetic coordinates, we have
examined the behavior of ozone as a function of LST during
May 1992 in magnetic coordinates. By plotting the data as
a function of LST we ensure that comparisons of ozone are
made at similar physical conditions, except for the presence
of the HRE flux. Once the rapid changes near sunrise and
sunset are omitted, the diurnal variation of ozone is smooth,
and an HRE-induced change should be visible when com-
pared to ozone that is not being irradiated. Thus the non-
HRE values of ozone are treated as standards to which the
HRE-irradiated measurements are compared.

Values of the ozone mixing ratio were plotted as a func-
tion of LST, as in Figure 5, where HRDI ozone mixing ratio
data at 69 km altitude for May 6-30, 1992, at geographic
locations with 3 < L <4 are shown. (In Figures 5-7, points

drawn with crosses were observed during the HRE, points
with open squares were measured before May 11, and those
with diamonds after May 21.) The noise level is consider-
able, the standard deviation is estimated to be 0.07 ppmv on
a daytime mean of 0.58 ppmv. Although the diurnal cycle is
similar to the models of Aikin and Smith [1999] and Allen et
al. [1984], there is no downward shift of the measurements
during the HRE.

To increase the signal-to-noise ratio of the data, we av-
eraged ozone values in 48 bins in LST. To avoid mixing
undisturbed ozone values with those measured during the
HRE, further reducing the strength and significance of the
depletion signal, measurements made before May 11, after
May 21, and from May 11 to May 21 (when the HRE flux is
present) were separately averaged.

The diurnal cycle as observed by HRDI at 69 km in
30 min wide LST bins is shown in Figure 6. The error bars
are drawn to illustrate one standard deviation of the mean of
the data used to form the average. A maximum is present
around noon with a minimum near 1500 LST. The rise of
oz0ne prior to sunset is consistent with the model of Aikin
and Smith |1999]. At other altitudes the measured LST de-
pendence tracks the model calculations.

An examination of Figure 6 shows that data taken near
the beginning of the yaw cycle are concentrated near and be-
fore local noon. During the HRE the observations are made
between 0630-1030and 1500-1830LST. After the HRE has
ended, data are observed in bands between 0530~-0730 and
1100-1600 LST. It is therefore possible to compare ozone
values at the same LST with different precipitating electron
fluxes. The signature of an HRE-produced ozone depletion
would be a consistent decrease in ozone when data at the
same LST but with and without the electron irradiation are
compared. In those three LST bands with such overlapping
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Figure 5. Ozone data at 69 km from the HRDI instrument, measured between May 6 and May 30, 1992
and with 3 < L <4 are shown. Data taken during the HRE (May 11-21) are labeled with a cross, data
after May 21 are labeled with a diamond and before May 11 are labeled with a square. The solid line is a
low-order Fourier fit to the data outlining the time dependence.

data, there is no consistent decrease in the ozone when the
HRE is present.

6. Altitude Profiles

While there is no immediate indication for a decrease in
ozone at 69 km during the May 1992 HRE, the four LST re-
gions where ozone measurements during the May 1992 HRE

overlap points taken before or after the HRE also have alti-
tude profiles that can be compared. Consistent shifts in the
ozone mixing ratio may be more apparent in those profiles.
The GSFC-2D model prediction in Figure 4 shows an alti-
tude profile that peaks between 65 and 70 km altitude and
drops to zero at 55 and 90 km.

Immediately after sunrise (LSTs between 0630 and 0730)
six profiles in the later part of the HRE overlap with 13 pro-
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Figure 6. Ozone data at 69 km from the HRDI instrument, averaged over 30 min bins in LST. Data
measured between May 6 and May 30, 1992, and with 3 < L < 4 are shown. Separate averages of the
data were done for three time periods. Averages of data taken during the May 1992 HRE (May 11-21)
are labeled with a cross and are centered in the LST bin. Data measured before May 11 are labeled with
a square and plotted 7.5 min before bin center. Data measured after May 21 are labeled with a diamond
and plotted 7.5 min after bin center. This allows the symbols and error bars of each time period to be
distinguished. The error bars show the standard deviation of the mean of the average in each LST bin.
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files taken after the HRE. Owing to the rapid decay of the
electron flux and the sensitivity of the ozone concentration
to the electron-induced ionization in the GSFC-2D model,
we expect to see a consistent decrease in the altitude pro-
files measured during the HRE. In Figure 7a we show two
profiles, one an average of profiles during the HRE and the
other an average of profiles taken after the HRE has ended,
along with the standard deviation of the mean of each set.
As the HRE-affected mixing ratios are always greater than
the unaffected values (opposite to what was expected) and
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the error bars of the unaffected set do not encompass the
average of the HRE-affected data, we conclude that a clima-
tological decrease in mesospheric ozone may have occurred
during the 4-6 days between the HRE and quiet conditions.

The next interval with overlapping measurements is mid-
morning (LSTs between 0900 and 1000), where the time-
dependent chemistry model of Aikin and Smith [1999] pre-
dicts the greatest sensitivity to the electrons. At this pointin
the diurnal cycle, HO, compounds have increased to a suf-
ficient quantity to have an appreciable effect on the ozone.
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Figure 7. Altitude profiles of ozone data with overlapping LST values, measured between May 6 and
May 30, 1992, and with 3 < L < 4. Averages of profiles taken during the May 1992 highly relativistic
electron event (HRE) are labeled with a cross, connected with a solid line, and plotted at the listed altitude.
Averages of profiles measured before the HRE began are labeled with a square, connected with a dashed
line, and shifted 0.5 km lower in altitude. Averages of profiles measured after the HRE had ended are
labeled with a diamond, connected with a dot-dashed line, and shifted 0.5 km higher in altitude. The error
bars represent the standard deviation of the mean of the average at each altitude. Individual plots are (a)
ozone data with LST values between 0630 and 0730, comparing the average of six profiles measured on
May 18 (during the HRE) with the average of 13 profiles measured after the HRE had ended (May 22-24);
(b) ozone data with LST values between 0900 and 1000, comparing the average of 25 profiles measured
between May 12 and 14 (during the HRE) with the average of nine profiles measured before the HRE
began (May 8—-10); (c) ozone data with LST values between 1500 and 1600, comparing the average of 13
profiles measured on May 18 (during the HRE) with the average of 7 profiles measured after the HRE had
ended (May 22); (d) ozone data with LST values between 1130 and 1230, comparing the average of 24
profiles measured before the HRE (May 6-8) with the average of 15 profiles measured after the HRE had
ended (May 30). There are no points measured during the HRE in Figure 7d, and any variations must be

caused by other effects.
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These points are a comparison of data taken across the onset
of the HRE, when the precipitating fluxes increased by a fac-
tor of 100 at all energies in a short period of time (Figure 2a).
Combining the rapid increase 1n electrons with the predicted
sensitivity to that flux, this 1s the best opportunity for see-
ing the predicted effects. However, the measured values be-
tween 66 and 81 km are almost identical (Figure 7b). There
may be a real decrease in the ozone at and above 85 km
during the HRE, indicated by the separation of the mea-
surements by more than the standard deviation of the HRE-
atfected ozone. At these altitudes the use of daily-averaged
electron fluxes becomes less accurate, and the actual time
dependence of the electron flux must be allowed for in the
analysis.

The last comparison of HRE-irradiated with non-HRE
material is for LST values between 1500 and 1600, predicted
to be a region of low sensitivity to the electrons [Aikin and
Smith, 1999]. In Figure 7c the ozone data have two alti-
tude regions that must be discussed. Above 81 km the HRE-
irradiated data are measurably below the points made 4 days
later. Below 81 km it appears that the ozone mixing ratio
during the HRE is larger than after. This may be due to the
increasing concentration of water vapor in the mesosphere
[Chandra et al., 1997].

Finally, seasonal variations should be seen in Figure 7d,
which shows two profiles which are averages of LST val-
ues between 1130 and 1230. Neither profile is directly af-
fected by electrons, but they are separated by approximately
23 days. During those 3 weeks, increases in the H,O con-
centration and solar irradiation should be reflected as dif-
ferences between the two profiles. There is a tendency for
ozone to decrease as a function of time below 85 km and
increase above. Other studies of the seasonal variation of
ozone showed that a decrease should be present at 80 km al-
titude during May, with good repeatability from year to year
|Thomas et al., 1984].

7. Effects of Water Vapor Changes on Ozone

While no HRE-induced decreases in ozone are seen. we
do have consistent decreases in ozone below 81 km in the
early morning, noon, and afternoon sectors as the month of
May 1992 progressed. Given the climatological increase in
mesospheric water vapor during the month of May [Chandra
et al., 1997], this decrease can be interpreted as a change in
ozone brought about by the increasing water vapor content.
Using the scaling relationship for daytime ozone at 70 km
from Table 2 of Allen et al. [1984], we derive a relationship
between changes in ozone and small changes in the electron
flux and water vapor:

AO3 - ef,
O3 N Js +¢F,

A[HZO]) , N

[H,0]

where Js5 is the photolysis rate of H;O and €F, is the rate
at which the HRE-induced ionizations create OH from H,O
[Thomas et al., 1983]. The parameter o varies from 1/3
at 50 km to 1/2 at 70 and 1 at 80 km [Allen et al., 1984].
The climatological variation of H,O in the month of May at
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80 km and 45°N is an increase by roughly 0.6 ppmv [Chan-
dra et al., 1997], roughly 16% of the total. Such a change is
competitive with the HRE-induced changes and appears to
be the cause of the ozone decreases observed in the HRDI
data. Similar changes in mesospheric water vapor are re-
ported 1n ground-based measurements at Table Mountain by
Nedoluha et al. |1995]. Although this is a lower-latitude sta-
tion, the increase in water vapor at 70 km is typically ~ 20%,
with a smaller increase in May 1992.

8. Summary and Conclusions

Mesospheric ozone data obtained from HRDI between
altitudes of 66 and 81 km were examined for evidence of
ozone depletions due to the precipitation of relativistic elec-
trons in May 1992, Relative depletions of the order of the
predicted values should have been seen when comparing
ozone measurements made at those LSTs that were observed
both with and without the HRE irradiation. Furthermore, the
chemical models predict that the depletion amplitude should
peak in the studied altitude region. Even if the precipitating
electrons present in the May 1992 HRE caused significant
ozone depletions in the mesosphere, the signal-to-noise ratio
of the HRDI data, which had to be much less than a relative
depletion of 20% to see the effect of a strong burst of flux,
is not sufficient to measure the effect. It may be necessary
to use ground-based measurements of ozone, water vapor,
and electron-induced ionization of the same volume of the
atmosphere to see the changes predicted by the models.

To reduce the scatter 1n the data, averages over 30 min
LST bins were examined for ozone depletions correlated with
altitude in those LST bins with measurements overlapping
the onset and decay of the May 1992 HRE. At the altitudes
examined here, depletions consistent with the available pho-
tochemical models were not found.

We have also found that it is not possible to average the
ozone data over longer periods of time because of the sen-
sitivity to the water vapor concentration. Variations in H,O
would cause UT-dependentchanges in the LST ozone curves
similar to those of the electron events. May is a time of rapid
change in mesospheric water vapor [Chandra et al., 1997,
Nedoluha et al., 1995]. Comparing the seasonal changes
of ozone at 1500 LST [Thomas et al., 1983] with the water
vapor changes shows that changes in the ozone concentra-
tion are leading those in the water vapor, peaking just after
the equinox, whereas the water vapor peaks near the sol-
stice. This would indicate that the ozone concentration may
be chemically reduced by the transported water vapor.

How can our conclusions be reconciled with the well-
established ozone depletions in the stratosphere caused by
solar proton events (SPEs)? The fluxes of protons connected
with SPEs change relatively slowly over a time period of
hours to a few days. Therefore the ozone depletion caused
by an SPE also varies on these timescales and was observ-
able for some events. Similarly, the daily-averaged fluxes of
energetic electrons connected with HREs vary on timescales
of days to weeks. However, the geographic coverages of
the particle events do differ. Solar proton events are a po-
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lar cap phenomenon, changing the composition over regions
poleward of the L = 5 shell [McPeters and Jackman, 1985].
This means that a concave surface surrounds the depletion
region and the depleted material is blown around the pole
until it is restored to a normal concentration. By contrast,
HREs are concentrated between L values of 3 and 4, with an
interior region where the electron-induced changes are ab-
sent. Mesospheric winds would tend to dilute the chemical
changes by moving material through the irradiation region,
reducing the efficacy of the HRE electrons in changing the
composition. We also note that both photochemical models
assume that the HRE ion source is constant in time and space
for periods longer than a day and areas large compared to the
mixing region.

Although we have analyzed one of the most intense and
longest-lasting HREs seen during the prime mission of
UARS, we found no measurable effect on ozone in the mid-
dle mesosphere (this work) or the upper stratosphere and
lower mesosphere [ Pesnell et al., 1999] of the Northern Hemi
sphere. However, given the more intense electron fluxes
in the Southern Hemisphere, LST-resolved ozone observa-
tions in the south may yet reveal an HRE-related ozone de-
pletion. In the absence of a consistent, measurable effect,
the current results cast doubt on the long-term significance
of the effect that highly relativistic electron events have on
the overall ozone budget of ozone in the mesosphere and
upper stratosphere. In particular, the sensitivity of meso-
spheric ozone to the water vapor content creates a large un-
certainty in whether this effect is an important contribution
to the long-term evolution of the mesosphere.
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